ABSTRACT
Indexing terms: DiI; photoreceptors; horizontal cells; retina; connectivity; zebrafish Horizontal cells (HCs) are inhibitory second-order neurons in the retina. They receive input from the photoreceptors and modify the signal from photoreceptors to bipolar cells. HCs respond to light with sustained, graded potentials and form the antagonistic surrounds of bipolar cell receptive fields and thus aid in detecting light contrasts and edges (Dowling, 1987) . They may also play a role in color vision, particularly in nonmammalian species, insofar as they respond to different colors of light with different combinations of hyperpolarizing and depolarizing potentials, which contribute, presumably, to the generation of color opponency in more proximal neurons (Twig et (Fisher and Boycott, 1974; Kolb, 1974 Kolb, , 1977 Wä ssle et al., 1978) , and primates (Ahnelt and Kolb, 1994; Dacey et al., 1996) . Different vertebrates have multiple types of photoreceptors as well as multiple types of HCs. The connectivity pattern between the HCs and photoreceptors varies between different vertebrates, and overall the connectivity has been suggested to be either specific or unselective.
Zebrafish (Danio rerio) are highly visual animals with a rich cone system. In the zebrafish retina, there are five types of photoreceptors: double cones, consisting of a red-sensitive (R) principal member (long-double cone) and a greensensitive (G) accessory member (short-double cone); bluesensitive (B), long, single cones; ultraviolet-sensitive (UV), short, single cones; and rods. The position of each cone subtype is arranged relative to the others, forming a highly ordered mosaic in which rows of alternating B and UV cones
MATERIALS AND METHODS
Wild-type AB-strain and SWS1-GFP transgenic (line 5.5A; Takechi et al., 2003) zebrafish were maintained in the Harvard University Zebrafish Facility. All protocols were approved by the Harvard University Institutional Animal Care and Use Committee and conformed to National Institute of Health animal care guidelines.
Fish were euthanized with 0.02% tricaine (Sigma, St. Louis, MO) in Tris buffer (pH 7.4) for 10 minutes, and their spinal cords were transected behind the head with a razor blade. The retinas were kept constantly hydrated with phosphatebuffered saline (PBS; pH 7.4; Sigma) to avoid shrinkage of retinal tissue through desiccation. Eyes were enucleated from the fish. The anterior segment was cut off and discarded. The eyecups were fixed in fresh 4% paraformaldehyde (Fisher Scientific, Fair Lawn, NJ) at room temperature for 1 hour or at 4°C overnight. After a 3 ؋ 10 minute wash in PBS, the sclera was peeled away and the pigment epithelium sometimes removed. The residual vitreous was carefully removed under the dissecting microscope to help flatten the retina. Four radial cuts were made to allow for further flattening. The retinas were mounted onto glass slides with the ganglion cell side facing upward.
For DiI staining, a 1% CellTracker CM-DiI (Invitrogen, Carlsbad, CA) ethanol solution was spread over a glass slide and air dried. By scratching over the DiI layer on the slide, dry DiI powder was loaded onto the outer surface of pulled tips (2-6 m) from 1.5-mm-diameter borosilicate glass pipettes (World Precision Instruments, Inc., Sarasota, FL). One or two tips were inserted perpendicularly into the middle one-third of each quadrant of the retina through the vitreous side and broken off. Retinas were kept in PBS at 4°C for 3-7 days. The retinas were whole mounted with the ganglion cell layer side upward on glass slides and coverslipped with No. 0 coverglass (VWR Scientific, Media Park, PA) in Vectashield mounting medium (Vector, Burlingame, CA). Pieces of No. 1 coverglass were placed around the retinas to prevent them from being crushed during imaging.
HCs were optically sectioned at optimal thickness ( 
RESULTS
In a previous study, individual DiI crystals were inserted into adult zebrafish retinas with pulled glass pipette tips (Song et al., 2008) . Only 2-3% of the insertions resulted in a successful HC "bloom," and only 20 -30 HCs were labeled in a bloom (Song et al., 2008 ). In the current study, pipette tips were loaded with dry DiI powder and broken off inside the retina. Nearly every insertion resulted in an HC bloom in which 50 to well over 100 cells were labeled with DiI (Fig. 1) .
Cone HCs
Four types of HCs were observed: two small-field cells (H1 and H2) and two large-field cells (H3 and rod HCs). The morphology of the DiI-labeled cone HCs is summarized in Figure  2 . The H1 cells had axons, a round soma, and short dendrites compared with the other types of HCs ( Fig. 2A) . Their dendritic terminals appeared as clustered "rosettes," as partial rosettes, or as individual boutons (Fig. 2D) . The rosettes were usually located in the center of the dendritic spread of the cell. Together with the partial rosettes, the dendrites were arranged in two rows, separated by single rows of rosettes/ partial rosettes/single boutons. The distance between two neighboring rosettes/partial rosettes/single boutons within the single rows was approximately double that of the double rows.
The H2 cells also had axons but more irregularly shaped somata and more elongated dendrites than the H1 cells (Fig.  2B) . Although the dendritic terminals of the H2 cells also appeared as clustered rosettes, partial rosettes, or individual boutons, the rosettes were distributed over the entire dendritic field (Fig. 2E) . These rosettes were arranged in pairs or individually. The pairs were in roughly the same orientation and located in one row or parallel rows; those individual rosettes were located outside of these rows and mirrored each other across these rows.
The H3 cells also had axons (Fig. 2C) . The dendrites of the H3 cells were long and spread over a greater area than those of the H1 and H2 cells. The dendritic terminals of H3 cells were arranged as pairs of partial rosettes or single boutons (Fig.  2F) . The distances between the two partial rosettes/single boutons in each pair varied between different H3 cells. If two closely opposed boutons in a pair were treated as one unit, the boutons of the H3 cells were arranged in a single rectilinear pattern as previously reported (Song et al., 2008) . However, the two partial rosettes/single boutons in each pair were often sufficiently separated to be considered as individual rosettes/boutons. Thus, these rosettes/boutons were arranged in two overlapping rectilinear patterns (Fig. 2F) .
Rod HCs
The DiI insertion method requires an axon to take up DiI. Thus, only about 30 rod HCs were clearly visualized, and all of them were axonless. Most of them were adjacent to the soma of a brightly DiI-stained cone HC (data not shown) or to a well-stained axon (Fig. 3A) . Stained axons sometimes wrapped around the rod HC (Fig. 3B) 
Possible cone HC-photoreceptor connections
Because many HCs were labeled with our modified DiI insertion method, more than one type of HC as well as clusters of several HCs of the same type could be observed in the same visual field (Figs. 4A, 5A, 6A ). The dendritic terminals of clustered H1 cells were arranged into rows of rosettes in a "2 ؉ 1" pattern in which double rows of rosettes alternated with single rows of rosettes (Fig. 4B) . The distance between two adjacent rosettes in the single rows was about twice of that in each of the double rows (Fig. 4B) . Every four nearestneighbor rosettes from two neighboring single rows formed a rhombus (marked in blue in Fig. 4D ).
The cones in the adult zebrafish retina are arranged in a highly ordered mosaic ( (Fig. 5B) . Therefore, the H3 cell(s) probably connect to both the B and the UV cones.
One H2 cell and one H3 cell are clearly shown in Figure  6A . The dendritic terminal rosettes of the H2 cell were arranged individually or in pairs, some of which coincided with those of the H3 cell, indicating that these pairs connected to B and UV cones (Fig. 6B) . If the dendritic terminals were overlaid with the cone mosaic (Fig. 6C) , the other dendritic terminal rosettes would match with one member of the double cones, either R or G cones, but not both. One possible scenario is shown in Figure 6D . Therefore, the H2 cells may connect selectively either to the R, B, and UV cones or to the G, B, and UV cones.
Specific HC-photoreceptor connections
The uncertainty of H1 and H2 cone connections described above arises because it is not known which member of a double cone is the G cone or which one is a B cone in the row of the single cones. If the location of any one of the four types of cones in the double/single cone rows is known, then we can derive the location of the other three types of cones in the ideal mosaic where the G cones flank the UV cones and that the R cones are adjacent to the B cones (Robinson et al., ). An H1 cell is shown in Figure 7A . Double rows of the H1 cell dendritic terminal rosettes lie between the GFP-positive UV cones (Fig. 7B,C) . Thus, the double rows of the dendritic terminal rosettes of the H1 cell connect to the double cones. The single GFP-positive cones lie between the double cone rows (Fig. 7C) . No H1 cell dendritic terminal rosettes were found in the GFP-positive UV cone pedicles (Fig. 7C) ; rather, they were only found between the GFP-positive UV cone pedicles, i.e., in B cones (Fig. 7C) . Thus, H1 cells connect to the double cones (R ؉ G cones) and to the B cones.
An H2 cell is shown in Figure 7D . Its dendritic terminal rosettes are in pairs along one side of the rhombus formed by the GFP-positive cones, and one member of a pair overlies a GFP-positive UV cone and the other fits between the two neighboring UV cones, i.e., a B cone (Fig. 7E,F) . The individual dendritic terminal rosettes that mirror each other across a single cone row fall between the single cone rows and are most often adjacent to the GFP-positive UV cones, the location of G cones (Fig. 7F,F) . We conclude that this H2 cell connects to the G, B, and UV cones.
H3 cells have dendritic terminals that are partial rosettes and single boutons arranged in pairs (Fig. 7H) . The distance separating a pair varies, and it is either smaller or larger than the size of a UV cone pedicle (Fig. 7H,I ). However, for both cases, one member of a pair overlies the GFP-positive UV cone, and the other is outside of the UV cone (Fig. 7I,I ). Therefore, H3 cells connect to both the B and the UV cones. 
DISCUSSION HC labeling by DiI insertion
HCs in fish are located in the outermost layer of the inner nuclear layer (INL) and their axons extend into the INL. An earlier study showed that zebrafish HCs could be retrogradely labeled by DiI through their axons (Song et al., 2008) . The individual DiI crystals were placed into the retina using pulled glass pipette tips, but few DiI crystals successfully localized to the INL and resulted in robust HC staining. Most of the DiI crystals labeled ganglion rather than HCs, so only a few of the DiI insertions were deemed successful. We modified the method by scratching the pulled tips of glass pipettes over a dried DiI surface so that many tiny DiI crystals stuck onto each pipette tip. When the pipette tip was inserted perpendicularly into a retina and broken off, the DiI crystals were accessible to the whole thickness of the retina, including the INL. Nearly every insertion resulted in an HC bloom, and 50 to well over 100 HCs were typically labeled in each bloom. Some ganglion cells, photoreceptors, and bipolar cells were also labeled with the DiI. However, except for those within the fluorescence flare, the somata of the DiI-labeled HCs were far enough away from the DiI fluorescence flare to be identifiable (Fig. 1) .
Differentiation of H1 and H2 cells
The dimensions of the specific retinal cells of the same type vary depending on their location in the retina (Boycott and Wä ssle, 1974). Moreover, the cell dimensions of H1 and H2 HCs in zebrafish overlap, so H1 and H2 cells could not be differentiated in our earlier study (Song et al., 2008) . Whereas the type specimen cells we identified as H1 cells in the earlier study had rounder cell bodies and shorter, thinner dendrites than did the type specimen H2 cells, a quantitative analysis did not support differentiating the cells into two distinct groups based only on these criteria. In this study, we found that dendritic terminal patterning and, in turn, cone connectivity clearly differentiated the two cell types, and these differences correlated with the type specimen cells that we identified in the earlier study, confirming the existence of two distinct small-field HCs in zebrafish. The dendritic terminal rosettes of H1 cells organize into alternating single and double rows, connecting to R, G, and B cones, whereas those of H2 cells organize into individual and paired rosettes, connecting usually to G, B, and UV cones. In a minority of cases, however, it was not possible to determine unequivocally whether an H2 cell connected to a G or R cone, because the H2 terminal rosettes were equidistant between the two cone types.
H3 cell-cone connections
The distance between the two members of a pair of dendritic terminal rosettes, partial rosettes, or single boutons of H3 cells varied, being either smaller or larger than the size of a UV cone pedicle (Fig. 7I ). Song and colleagues (2008) also observed this variation and suggested that each pair connected to either the B or the UV cones. However, for both cases, only one member of each pair of dendritic terminal rosettes, partial rosettes, or single boutons aligned with the GFP-positive UV cones; the other was observed between the UV cones. The GFP fluorescence proteins thoroughly filled the UV cones (Takechi et al., 2003) , so it is unlikely that the other member of each pair of dendritic terminal rosettes, partial 
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rosettes, or single boutons also connected with a UV cone. Therefore, we conclude that the H3 cells connect to both B and UV cones.
Selective photoreceptor-HC connectivity
We demonstrate here that the H1, H2, and H3 cells connect selectively to different combinations of cones: H1 cells connect to R, G, and B cones; H2 cells mainly to G, B, and UV cones; and H3 cells to B and UV cones. Together with the rod HCs data, all of the four types of HCs in the zebrafish retina connect selectively to specific photoreceptors.
This has also been suggested for other cyprinid fish. For example, the goldfish (Carassius auratus) retina also has four types of HCs: three cone types (H1, H2, and H3) and rod HC (Stell, 1975) . Light microscopic analysis of serial semi-thin sections through Golgi-stained goldfish cone HCs revealed that H1 cells contacted all cones within their dendritic field; H2 cells selectively contacted the long members of double cones and some long single cones; and H3 cells contacted selectively only the short and miniature single cones (Stell and Lightfoot, 1975) . The UV-sensitive cones had not been characterized at that time, so the miniature single cones in the goldfish retina were believed to be blue-sensitive rather than UV-sensitive cones. Therefore, the color coding of cone inputs to the HCs in the goldfish retina was suggested as follows: H1 cells connect to R, G, and B cones; H2 cells connect to G and B cones; and H3 UV cones; and the H4 cells were suggested to connect to the G member of the double cones, but this is still being debated (Ammermü ller and Kolb, 1996; Leeper, 1978b) .
Mammalian retinas, such as rabbit and cat retinas, appear to have only two types of HCs. The A type (or H1 cell) has a larger dendritic field, connects exclusively to cones, and is often axonless. The B type (or H2 cell) is more numerous and also connects to cones, with a smaller dendritic field and an axon whose terminals end in rod spherules (Kolb, 1974) . Although neither of the two HC types selectively connects to cones, there may be cone connection variability among individual cells in the ratios of their R and G cone connections and in their B cone connections (Boycott, 1988) .
In the primate retina, two or three types of HCs have been identified; the H1 cells connect to the R and G cones and sparsely to the B cones; the H2 cells connect diffusely to the R and G cones and heavily to the B cones; and a possible third type, the H3 cells, connects to only the R and G cones (Ahnelt and Kolb, 1994; Dacey et al., 1996) . The electrophysiological recordings by Connaughton and Nelson do raise another interesting issue, that there appear to be more physiological types of HCs than morphological types. So, for example, there may be two physiological subtypes of H1 cells, the L1 and L2 cells, and we propose that there are three physiological subtypes of H3 cells, the two triphasic cells and the tetraphasic cell type. It is generally believed that cells of the same morphological type are electrically coupled to one another, which would, of course, eliminate or significantly smudge the spectral selectivity of subtypes of H1 or H3 cells. This discrepancy of there being a greater diversity of recorded C-type HCs than morphological types of HCs in various species has been raised before (Twig et al., 2003) . Clearly, further electrophysiological and morphological studies are needed to examine these issues as well, but perhaps the bigger challenge is to determine how the various types of HCs and their responses contribute to color vision processing in fish.
Morphological-physiological correlations

